A complex symbiotic interaction between rhizobia and specific legume plants, involving a wide array of genes, results in the formation of nitrogen-fixing root nodules (13, 28, 37) . Overwhelming evidence indicates that genes responsible for exopolysaccharide (EPS) biosynthesis are involved in the infection process (28) and possibly host range specificity (35) . EPSs are complex sugar polymers secreted from rhizobia that loosely encapsulate the cell surface. They are probably among the first molecules to come in contact with the root surface. Mutants of various Rhizobium species that lack EPS production (Exo-) are often characterized by both poor infectivity and nodule formation (6, 9, 10, 17, 26) . Exomutants cause little or no bacterial penetration or colonization of the root tissue, although the ability to induce a nodule meristem is retained (6, 9, 10, 17, 26) .
Rhizobium sp. strain NGR234 is capable of infecting a broad range of legume species. Exo-mutants derived from this strain induce poor nodulation on most plants. Microscopic examination of the callus structures formed by Exomutants of strain NGR234 on the legume Leucaena leucocephala reveals little or no bacterial penetration or colonization (10) . Further evidence for the involvement of EPS in infection was shown in mixed inoculation experiments in which Exo-mutants were inoculated together with a nonnodulating (Nod-) NGR234 derivative (cured of the Sym plasmid) that produces normal EPS (14) . Together, these strains induced normal nitrogen-fixing nodules and cohabited the nodule tissue. Furthermore, the addition of purified NGR234 EPS or oligosaccharide could substitute for the Nod-Exo+ strain in these mixed inoculation experiments. Plants inoculated with some Exo-mutants together with * Corresponding author.
EPS or oligosaccharide generated a proportion of normal nitrogen-fixing nodules (14) . This indicated that purified EPS has "bioactivity" and may have acquired a direct and specific role in the symbiosis through an as yet unknown mechanism.
In Rhizobium meliloti a cluster of 12 genes affecting EPS biosynthesis occurs on the second megaplasmid, pRmeSU47b (18, 27) . Transposon insertion mutations within these genes affect EPS production in R. meliloti and cause a variety of alfalfa infection deficiencies. Mutations in 9 of the 12 exo genes either abolish or severely reduce EPS synthesis; in most cases, non-nitrogen-fixing (Fix-) nodules result (27) .
In Rhizobium leguminosarum bv. phaseoli, two genes, termed psi and psr, involved in EPS biosynthesis are located on the Sym plasmid (6) . Mutant strains defective in psi induce Fix-nodules. When multiple copies of psi were introduced on a plasmid into R. leguminosarum bv. phaseoli, both EPS synthesis and nodulation ability were inhibited. The presence in R. leguminosarum bv. phaseoli of equal copies of psi and another gene, psr, resulted in normal EPS production and nodule formation (7) . Borthakur and Johnston (7) also demonstrated that Psr inhibits transcription of psi. The nucleotide sequence of psi showed that it specified a polypeptide of 86 amino acids with a hydrophobic N-terminal region spanning 41 amino acids. This suggested that the psi product was associated with the cell membrane (7) . Psi is not the only regulatory protein involved in regulation of EPS synthesis. In Rhizobium fredii, another gene, nodD2, prevents EPS synthesis when carried on a multicopy plasmid (3) . The mechanism by which the genes psi and nodD2 inhibit EPS synthesis is unknown.
The timing and regulation of EPS synthesis may be critical 
MATERIALS AND METHODS
Strains, plasmids, and media. Bacterial strains and plasmids used and constructed for this paper are listed in Table  1 . All media used, BMM, TY, and LB, have been previously described (38) . Recombinant labeled with random primers (45) . Subcloned fragments of NGR234 exo DNA in vector pMP220 (Table 1; see Fig. 2) were constructed by using donor DNA from subclones used for DNA sequencing. Those fragments, which appear to be generated by partial restriction endonuclease digestion, were instead constructed by ligating the relevant fully digested fragments (agarose gel purified) and cloning the combined fragment into the vector Bluescript (Stratagene, San Diego, Calif.). To ensure that the original continuity of the DNA was preserved, the junctions of the ligated fragments were sequenced. These reconstructed partial fragments were then cloned into the vector pMP220 as single fragments, utilizing the wide choice of unique flanking restriction sites present in the Bluescript polylinker. Bacterial conjugation. Broad-host-range recombinant plasmids were mobilized from Escherichia coli NM522 into Rhizobium spp. by a triparental patch mating technique with pRK2013 (12) as a helper plasmid. After a 24-h mating period, the patch was replica plated onto BMM selective medium supplemented with 30 ,ug of rifampin per ml to counterselect E. coli and with 4 ,ug of tetracycline per ml to select for transconjugants carrying pMP220 recombinant plasmids.
Assays of lacZ expression from cloned Rhizobium promoters. Gene expression from cloned exo gene promoters, fused to E. coli lacZ located on vector pMP220 (40) , were determined by measuring P-galactosidase activity with O-nitrophenol-p-D-galactopyranoside as the substrate (32) . The average values from at least nine repeat measurements are presented.
Plant and acetylene reduction assays. Seed sterilization, germination, inoculation, and growth of L. leucocephala (Lam.) Wit. var. Peru was described previously (10) . Nodulated plants were tested for acetylene reduction by the method of Bender and Rolfe (4) .
Determination of copy numbers for R-prime and smaller IncPl plasmids. The copy number associated with very large R-prime plasmids (150 kb) was compared with that of smaller pRK290 (IncP1) recombinant plasmids (30 kb) . This was achieved by preparing a Southern blot (1) of an agarose gel where equal amounts of EcoRI-digested genomic DNA isolated from Exo-mutant ANU2811 and transconjugants ANU2811(R'3222) and ANU2811(pJG22) were electrophoresed. The membrane was probed with the 10-kb Rhizobium DNA insert of pJG22, and the intensity of hybridizing DNA bands was measured by using an LKB Bromma 2202 Ultroscan Laser Densitometer. The ratio of the intensities for hybridizing bands between the various genomic DNA preparations reflects their respective copy numbers.
DNA sequencing. Plasmid vectors Bluescript SK+ and SK-(Stratagene) and vectors M13mpl8 and 19 (33) were used for cloning. Sequencing reactions were conducted using a Sequenase kit (U.S. Biochemical Corp., Cleveland, Ohio). The sequencing protocol provided with this kit is a modification of the dideoxy-chain termination technique (39) , which uses a modified T7 DNA polymerase (42 Mapping transcription initiation sites with Si nuclease. The method is a modification of that recently described by Calzone et al. (8) . The DNA probe for the exoY transcript was end labeled at the SmaI site at nucleotide position 1700 (see Fig. 3 ), within the exoY coding region (see Fig. 2 ). The probe used to identify the intergenic transcribed region without any open reading frames (ORFs) was end labeled at the EcoRI site at nucleotide position 789 (see Fig. 2 and 3 ).
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Restriction enzyme sites were 5' end labeled with [ry-32P]ATP by using polynucleotide kinase (New England BioLabs) after dephosphorylation by calf intestine alkaline phosphatase. The double-stranded probe fragment, now end labeled at its two 5' ends, was restricted at an appropriate restriction site to free the probe fragment labeled only at the 5' end of the antisense strand. This was recovered from an agarose gel slice by centrifugation in a TLS55 Beckman rotor at 55K rpm for 2 h at room temperature.
Hybridizations were conducted at 58°C for 18 h in a 10-,ul volume of 80% formamide-80 mM sodium piperazine-N,N'-bis(2-ethanesulfonic acid (pH 6.8)-400 mM NaCl-10 mM disodium EDTA-100 ,ug of Rhizobium RNA-1 ,ug of 32P_ end-labeled DNA and covered with a drop of paraffin oil to prevent evaporation. Digestion with Si nuclease (Boehringer Mannheim) was at 37°C for 30 min and was started by adding to the hybridization solution a 200-,ul volume of 30 mM CH3COONa (pH 4.5)-280 mM NaCl-1 mM ZnSO4-300 U of Si nuclease. Digestion with Si nuclease was terminated by transferring the digestion solution (avoiding the paraffin) to a 20-,ul solution containing 500 mM Tris hydrochloride (pH 9)-100 mM EDTA-50 ,ug of tRNA per ml. After ethanol precipitation and suspension of the samples in a 70% formamide gel loading buffer and electrophoresis through a 8 M urea-3% acrylamide gel, the protected probe DNA was visualized by autoradiography.
RESULTS
Analysis of the Rhizobium strains with multicopy wild-type exo genes. A 10-kb BamHI fragment known to contain exo genes (11) was cloned into the broad-host-range IncPl vector pJJ016 (Table 1 ). This recombinant plasmid (pJG22) was transferred into ANU280 (a rifampin-resistant derivative of the wild-type strain NGR234) and into several TnS-induced Exo-derivatives of ANU280 (ANU2811, ANU2890, ANU2823, ANU2808, and ANU2840). When pJG22 was transferred into ANU280, the transconjugants grew normally and the colony morphology remained Exo+. Interestingly, when this plasmid was transferred into the Exomutants, transconjugants arose at a frequency of 3.4 x 10-4 per recipient strain. The frequency of transfer was approximately 100-fold lower than for (i) the transfer of the vector (pJJ016) alone to these strains and (ii) the transfer of pJG22 or pJJ016 to ANU280. The Exo-mutants containing pJG22 were initially slow to appear, the growth rates of colonies were not uniform, and a mixture of Exo+ and Exo-colony morphologies resulted (Fig. 1A) . Both Exo+ and Exotransconjugants arose at approximately equal frequencies [52% Exo+ and 48% Exo-in the case of ANU2811(pJG22) transconjugants]. Each of these colony types appeared clonal and was highly stable; no conversion from one colony morphology to another was observed when the different cell types were recultured on selective medium plates. Although these colony types were initially slow to appear, the subsequent growth rates of these transconjugant variants were normal.
To investigate the cause of the two colony morphologies for ANU2811(pJG22) transconjugants, plasmid DNA was recovered from single Exo+ and Exo-isolates. The restriction digest profile of the plasmids recovered from several Exo+ transconjugants was identical to that of the original plasmid pJG22 (Fig. 1B, lane la) . In contrast, the profile of the plasmid DNA from several Exo-transconjugants was altered (Fig. 1B, lane the mutant ANU2811, and now had a new EcoRI fragment, which was larger by 5.8 kb (the length of the Tn5 sequences). Hybridization analysis (Fig. 1B) showed that the altered plasmids from the Exo-transconjugants now carried the TnS sequence with no detection of the wild-type 0.6-kb EcoRI fragment. However, hybridization analysis of total genomic DNA isolated from these Exo-transconjugants (data not shown) revealed that the 0.6-kb and the 0.6-kb plus TnS bands were both present. Thus, the altered plasmids probably resulted from double-reciprocal recombination events between sequences flanking the TnS insertion in the background genome and the homologous sequences carried on the introduced plasmid.
A high frequency of recombination events was not observed for ANU2811 transconjugants carrying the same wild-type exo DNA cloned on the much larger (150-kb) R'3222 plasmid. The copy numbers associated with these two plasmids were determined (see Materials The nucleotide sequence has been determined for the expanded region of the map. The extremities of the subcloned fragments and the phenotypes associated with these fragments, when used in complementation experiments, are also shown. Plasmids pJG51 and pJG66 complement the Exo-mutant ANU2811 to Exo+. Plasmids pJG52 through to pJG57 confer an Exo-phenotype when present in ANU280. Plasmids pJG58 through to pJG65 do not alter the phenotypes of either ANU280 or ANU2811. Symbols: (-* and -w) presence or absence, respectively, of 3-galactosidase activity associated with these fragments when fused to lacZ in the direction of the arrow, ( E) putative coding regions of the sequenced genes (see Fig. 3 ), (-_ and 4-) direction of transcription. The sites of transcription initiation, as determined by S1 promoter mapping, are indicated. Restriction sites: B, BglII; C, ClaI; E, EcoRI; H, HindIll; M, M1uI; N, NruI; P, PstI; S, SmaI.
wild-type allele is deleterious to the cell and consequently results in selection for normally rare recombination events.
We were thus intrigued as to why 52% of the ANU2811(pJG22) transconjugants remained stably Exo+. To ensure that plasmids from the Exo+ transconjugants had not suffered a small undetectable deletion or rearrangement of only a few critical nucleotides that rendered the putative deleterious gene(s) "harmless," plasmid DNA was recovered from Exo+ and Exo-transconjugants and transformed into E. coli. These E. coli derivatives were used to transfer these plasmids into the Exo-mutant ANU2811 as well as into the original parental strain ANU280. The results for ANU2811 recipients were as follows: (i) leucocephala, but all bacteria isolated from nodules were Exo+ and had neither tetracycline nor kanamycin resistance markers, which are both present on the plasmid. This result again indicated plasmid loss.
Complementation phenotype associated with subclones of the 10-kb BamHI fragment. As reported earlier (11), the introduction into ANU280 of large 150-kb R-prime plasmids (copy number, approximately three per cell) carrying the mutant alleles from either Exo-mutant ANU2808, ANU2811, ANU2823, ANU2840, or ANU2890 resulted in the transconjugants being Exo-. Similarly, pJG22 with a Tn5 insertion at the ANU2811 locus, also conferred an Exophenotype when transferred into ANU280. To determine whether the Exo-phenotype of ANU280 transconjugants was due to a dominant negative mutation or the presence of another element on the 10-kb BamHI fragment, a series of subclones from this BamHI fragment was cloned into the IncPl vector pMP220 (40) . Figure 2 is (16) indicated that the three ORFs assigned to the 2,800 bp of sequence had a very high level of nonrandomness and are most likely coding regions (data not shown).
Chen et al. (11) showed that the TnS insertion sites for 17 Exo-mutants mapped within two adjacent EcoRI fragments of 0.6 and 1.4 kb (Fig. 2) . These EcoRI fragments were sequenced, and two very likely ORFs were found, designated exo Y and ORF1. The TnS insertion sites for 5 representatives of the 17 Exo-mutants in this region (ANU2808, ANU2811, ANU2823, ANU2840, and ANU2890) were sequenced and were found to occur within the coding region of exoY (Fig. 3) . The (Fig. 3) . Estimations of the free energies associated with both of these structures on mRNA molecules are approximately equal at AG' = -19 kcal mol-1 in 1 M NaCl at 37°C (21) . In the entire 2,800 bp of sequence, these are the two best palindromic sequences, and either may form a hairpin structure characteristic of procaryotic transcription terminators (36) . The DNA encoding exoX was located 800 bp to the left of exo Y (Fig. 2) . One very likely ORF of 96 amino acids (Fig. 3) was found in this region. The first 55 amino acids of the polypeptide were all hydrophobic except for one, and the remaining carboxy-terminal region was hydrophilic in nature. The hydrophobicity plot for the exoX polypeptide (Fig.  4A ) is shown alongside a hydrophobicity plot for the psi protein (7) (Fig. 4B) . The similarity between these two plots is striking. Both proteins are very hydrophobic for the amino half and then rapidly make the transition to a hydrophilic nature for the remaining half. In addition, both proteins are similar in size (96 amino acids for ExoX and 86 amino acids for Psi) and predicted molecular weight (approximately 10 ,500 and 9,500, respectively). The similarity between these two proteins is less apparent at the primary amino acid level (Fig. 4C ). There is, however, a conserved 18 amino acid region with 14 functionally similar amino acids (10 exact matches), just before the region in the protein where the transition from hydrophobic to hydrophilic amino acids occurs. This may be a conserved domain responsible for the similar phenotype associated with these two genes.
Promoter mapping by Si nuclease and lacZ fusions. After analysis of the nucleotide sequence, no satisfactory ORF could be assigned to the DNA sequence occurring between exoX and exoY. It was not clear whether this intervening DNA sequence was an extensive 5' untranslated region of either the putative exo Y-ORF1 operon or the exoX operon or a separate transcriptional unit. Potential sites for transcription initiation in this region were mapped with Si nuclease (Fig. 2, 3, and 5 ). The cluster of bands in lane 3 of Fig. 5 suggests that this intervening sequence is transcribed divergently from exoX. A transcriptional fusion to lacZ(pJG70) using the promoterless vector pMP220 showed no activity (Table 2) , and this demonstrated that transcription of this region terminates upstream of the NruI site at nucleotide position 989 (Fig. 3) .
A clear band in lane 2 of Fig. 5 demonstrates that the transcription initiation site for exoY is downstream of the NruI site at nucleotide position 989. An exoY'-lacZ+ fusion (pJG54) at the PstI site at nucleotide position 1408 (Fig. 3) showed significant lacZ activity ( Table 2 ) and confirmed that the direction of transcription was from left to right (Fig. 2) . Strong activity of an exoX'-lacZ+ fusion (pJG60) ( C GTC ATT CGT CGG ATC GGC CGGCCGA TTG GCC CCG OCA TAM TT? TCGCG GTE GCC TGC CTC CT? CCA CAC GAG GAA AAG CAC GGC AAG AAA ATA GCCC GAC CTG  AAG GAG TAA GGA GCC TAG CCG GCCC GTT AAC CCC CCC OCT AT? AMA ACC COCCGAG OCC ACC GAG GRA CC? GTG GTC CT? TTC GTG CCG TTC T?T TAT CCC CTM Q0   223   TAT GAG GAC CCC ACA GAG GAG TGT CTG AAC AGC CCT GGR CCC CAT TEA T OCGT GAG AMA ATA CC? CCC GAT CCC AMA CCC CGCCGAG CCC CCC CAA CAT GCTC?AC  ATA GTC CTG CCC TCT CTC CTC AGA GAG T?C TCG GCA OCT? COG CTA ACT AMG CCA CYC T?T TAT CGA GCCC CTA CCC TT? GCCC GCCC G GCCC CCC CT? GTA CGA 
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CCC TCC CCC MAG CT? GTE GAT TTE CCC CGCCTC GTECA CTC TEGCC GCCGCG CT? GTE GTE TCC CC? CCC CCC CT? CCC CCC GCCC GAG GAG TAT CGCTC GTECC CT? ATE CCC AGG GCCC TTE GMA GAG GTA MAG CCC CCC GAG CC? GAG ACC CCC CCC CAR GAG GAG ACC CCA CCC CCC GMA CCC CCC CGCCT GTEGT ATA CCC GAG 
GAG AMA T?C CCC CT? CCC CT? CCC GMA TOG GAG ACC CCC GAG CCC GCCC GTE CCC GA? TGG TECG CCC GTE AGCGGCC GAG TAG ACG GTE GGA GCA TCC CCC AGC GTE CGT TTT AACGCCC CMA GCGCCAG CCC CT? ACC GTE TCC CCC CTC CCC CGCCGAG GCCC CTA ACC AGC CCC GAG TECG CCGCGTE ATE TEGC GAG CCT GOT AGC CCC TECG GAG 
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GTE GCCC MAG MAG CCC GMk ACC CAG GAG CC? GAG GTE GAG GTE CCC ATE GAG GAG CCC GAG MCG GTE GAG AGC GTE CCC GAG MAG GCCCTGT GCGCCTGT AGC GAG CGCC GAG CCC TTE T?C CCC CT?TO GTEM GTCCA GT GAG CT GAG CCC TAG GTE CGT GCGCCTGT T?G GAG CTC TECG GAG CCC GTE T?C CCC GAG CCC GAGc TECG GTE GCCC some-binding site for R. meliloti nodA (43) and is similar (four out of six nucleotides match) to those of nodD and nodH (15, 20) . Si promoter mapping experiments indicated that the start of transcription of exo Y was approximately 70 bp upstream of the putative start codon. Upstream of this position, corresponding with the -35 position, was the sequence 5'-CTGCCA-3'; this had four out of six matches with the possible R. meliloti nodA, nodF, and nodH -35 sequences (19, 20) . An optimal 17-bp spacing existed between this -35 sequence and a downstream potential -10 sequence, with four out of six matches to the procaryote consensus sequence (31) or five out of six matches to a presumptive nodD -10 sequence (20) . The putative exoX ribosome-binding site, 5'-AGGCGG-3', had five out of six matches with the procaryote consensus sequence (22) . Virtually consensus-like (31) promoter sequences [5'-TTGAag-(17-bp space)-TATAgT-3'] exist 50 bp upstream of the proposed exoX start codon.
EPS synthesis in other Rhizobium species is affected by exoX. EPS synthesis in two other Rhizobium strains, R. meliloti Rm1021 and R. fredii USDA 191, was also inhibited by the introduction of multiple copies of exoX without extra copies of exo Y. When pJG22::Tn5 was transferred into strains RmlO21 and into USDA 191, and the transconjugants were cultured on solid BMM medium, the colonies were Exo-and appeared identical to those of ANU280(pJG22:: TnS) transconjugants. Strains RmlO21 and USDA 191 have a visibly Exo+ colony morphology when cultured on BMM. Introduction of pJG22 into these two Rhizobium strains had no effect on EPS production. Although we have observed extensive DNA homology between the cloned NGR234 exo genes (11) and the cloned R. meliloti pRmeSU47b exo genes (27) (unpublished results), a probe from within the proposed coding region of exoX did not hybridize to the cloned R. meliloti exo genes encoded on pD56 under low-stringency conditions. The intragenic exoX probe was a 190-bp fragment from the HindIII site at position 100 to the NruI site at position 290. In contrast, an intragenic exo Yprobe, from the HindIII site at position 1216 to the ClaI site at position 1867, did show strong homology to R. meliloti sequences cloned on cosmid pD56 (27) but did not appear to flank transposon insertions to exo loci in this region (data not shown).
DISCUSSION
In this report we have presented the nucleotide sequence for 2,800 bp of DNA involved in the synthesis of EPS for Rhizobium sp. strain NGR234. To assist in assigning transcriptional units and genes to the ORFs, a combination of S1 promoter mapping, lacZ transcriptional fusion experiments, and analysis of the phenotypes associated with subcloned regions was employed to complement the DNA sequencing and its computer analysis.
The Exo-mutants used in this study resulted from single Tn5 insertions into the wild-type genome of ANU280, and the locations of the mutations were mapped to specific EcoRI fragments (11) . R-prime plasmids carrying mutated exo genes were used previously to define two types of ANU280 transconjugants with repressed EPS synthesis. The introduction to ANU280 of R-prime plasmids carrying TnS insertions corresponding to the ANU2811 or ANU2890 allele resulted in Exo-colonies (persistent dominant phenotype). R-prime plasmids carrying TnS insertions corresponding to the ANU2808 or ANU2840 allele conferred an Exo-phenotype on ANU280, which upon prolonged incubation resulted in Exo+ colonies (leaky dominant phenotype). We have shown that all four TnS insertion sites were located within exo Y. The two insertion sites for the persistent dominant mutant alleles were at amino acid residue positions 20 (ANU2811) and 124 (ANU2890), and the two insertion sites for the leaky dominant alleles were at positions 161 (ANU2808) and 202 (ANU2840). Whatever the function of ExoY may be, it is evident that it has some wild-type activity when at least 161 of the total 226 amino acids have been translated.
The production of EPS by NGR234 appears to be strictly controlled by the products of exo Y and exoX. The evidence suggests that the gene product of exoX is a repressor of EPS synthesis, because an elevated copy number of this gene results in the inhibition of EPS synthesis by Rhizobium sp. When exoX is carried on an IncPl plasmid in the absence of exoY, the phenotype of the ANU280 merodiploid transconjugants is Exo-. Normal EPS production occurs when the 
